The superconductor-to-insulator transition (SIT) induced by means such as external magnetic fields, disorder or spatial confinement is a vivid illustration of a quantum phase transition dramatically affecting the superconducting order parameter. In pursuit of a new realization of the SIT by interfacial charge transfer, we developed extremely thin superlattices composed of high Tc superconductor YBa2Cu3O7 (YBCO) and colossal magnetoresistance ferromagnet La0.67Ca0.33MnO3 (LCMO). By using linearly polarized resonant X-ray absorption spectroscopy and magnetic circular dichroism, combined with hard X-ray photoelectron spectroscopy, we derived a complete picture of the interfacial carrier doping in cuprate and manganite atomic layers, leading to the transition from superconducting to an unusual Mott insulating state emerging with the increase of LCMO layer thickness. In addition, contrary to the common perception that only transition metal ions may response to the charge transfer process, we found that charge is also actively compensated by rare-earth and alkaline-earth metal ions of the interface. Such deterministic control of Tc by pure electronic doping without any hindering effects of chemical substitution is another promising route to disentangle the role of disorder on the pseudo-gap and charge density wave phases of underdoped cuprates.
Heterointerfaces between dissimilar layers of semiconductors have long been at the forefront of condensed matter physics in topics ranging from charge transfer in a p − n junction to several Hall effects arising in two-dimensional electron gases. For the case of complex oxide interfaces, the past decade has witnessed a rapid growth in science and ability to synthesize interfaces between a wide variety of oxides with atomic layer precision [1] [2] [3] [4] . Despite the marked progress, many fundamental questions still remain not well understood, particularly in regards to how charge carriers redistribute across interfaces in strongly correlated electron systems and how this process affects spin, charge and orbital degrees of freedom. Macroscopically, two factors seem to be of key importance: charge transfer localization at the interface and the presence of a longer scale charge transfer related to the balancing of the mismatch in chemical potential. The former has been observed at many perovskite interfaces where the local interactions drive a charge transfer. For example, in cases like LaB 3+ O 3 /LaNi 3+ O 3 , the B site ion and Ni form a redox couple resulting in B 4+ and Ni 2+ charges localized within a very short range of 1-2 unit cells (u.c.) of the interface [5] [6] [7] [8] . As for the balancing of the chemical potential via charge transfer, which is well understood and successfully utilized for semiconductor junctions, it is still an open research area with many experimental and theoretical challenges due to the strongly correlated nature of the carriers [9] [10] [11] [12] [13] .
The case of YBa 2 Cu 3 O 7−x /La 0.67 Ca 0.33 MnO 3 (YBCO/LCMO) interface provides a ideal system where antagonistic combination of unconventional magnetism and high T c superconductivity defines a number of intriguing phenomena governed by the charge redistribution between magnetic electrons of manganite and Cooper pairs of the cuprate to equalize chemical potential across the boundary (see Ref. 4 and references therein). From the perspective of interfacial charge transfer and its impact on the overall materials properties of the YBCO/LCMO heterojunction, there has been a significant number of results including charge, spin and orbital reconstruction as revealed by electron microscopy [14] [15] [16] [17] [18] , neutron reflectometry [19] [20] [21] , resonant X-rays [17, [22] [23] [24] [25] [26] [27] , and cross-sectional STM [15, 28] , where the reported length scales of charge transfer effects range from a fewÅ to several nanometers. The variability in scale of these charge transfer effects stems from the exploration of thick YBCO 7 and LCMO constituent layers of multiple unit cells (u.c.) for which the bulk physics of the inner layers can obscure the interface induced many-body behaviour. Based on this observation, we can then ask what happens when the LCMO and YBCO layers approach a 1-2 u.c. limit and the entire structure becomes purely interfacial in nature.
To address this question, we explored a set of interfacecontrolled layered heterostructures composed of YBa 2 Cu 3 O 7 (2 u.c.) and La 0.67 Ca 0.33 MnO 3 (N=1, 2 and 3 u.c.) to investigate the emergent behaviors due to the reconstructed charge and magnetic moments at the complex oxide interface. By utilizing the combined power of resonant X-ray absorption (XAS) and hard X-ray photoelectron spectroscopy (HXPS), we are able to elucidate how the large transfer of electrons from LCMO effectively tunes the YBCO layer across the doping phase space from being a superconductor (SC) into the antiferromagnetic (AFM) phase. Additionally, the electronic responses of Ba and La atoms demonstrate their important roles as electron acceptor and electron donor, respectively, sharing the doped charges with the CuO 2 plane, thus revealing a strong similarity to doping by oxygen content, x in the bulk YBa 2 Cu 3 O 7−x .
RESULTS
The structure was determined by X-ray diffraction. The superlattice (SL) period of ∼22Å from the spacing of the diffraction peaks ( Fig. 1(a) ) for N=1 SL is consistent with the structure shown in Fig. 1((b) . This particular superlattice structure was based upon the detailed electron microscopy studies from several groups, which found that the interfaces predominantly involve an MnO 2 -AO -CuO 2 sequence [15, 24, 29, 30] . The superlattice spacing was consistent with extracting the value from the total thickness measured by the fringes. As shown in Fig. 1(c) , electrical transport measurements demonstrate a clear superconductor-insulator (S-I) transition with increasing N, where the superconducting transition, as determined by the midpoint, is reduced from 50 K to zero and the N = 3 data is consistent with the antiferromagnetic insulating phase in the lightly hole doped region of the phase diagram. While the dependence of the T c seems consistent with a decrease in hole doping with increasing LCMO layer thickness, it turns out that the data has a different evolution than is observed for the case of YBa 2 Cu 3 O 7−δ [31] [32] [33] . The most notable is a linear Tdependence that disappears quickly in the bulk as a function of δ, while the resistivity in the normal state of the N = 1, 2 superlattices remains linear with temperature down to ∼100 K.
To understand the transition from superconductor to insulating state, we made use of polarized soft-XAS and hard-XPS to extract an element-resolved picture of the electronic and magnetic states. Beginning with the Mn L-edge X-ray absorption spectroscopy (XAS), we find that, rather than the expected 3.33+ valence [34, 35] , all the films demonstrate a Mn valence state of 4+ (see Figure 2(a) ). In the bulk phase diagram of manganites [34] , this doping level corresponds to an insulator and the magnetism is either paramagnetic (PM) or antiferromagnetic (AFM) as noted by the small X-ray magnetic circular dichroism at 5T, which vanishes as the field tends to zero. In addition, Fig. 2(b) shows HXPS spectra of Mn 2p 3/2 of the Y2/L1, Y9/L25, and LCMO bulk samples. With comparison to the prior HXPS studies of LCMO and LSMO [36, 37] , we note the effects of final-state core-hole screening in such spectra. For bulk LCMO, one can observe two shoulders in addition to the unscreened peak of Mn 2p 3/2 at a binding energy (BE) of 641.1 eV. The shoulder at BE = 642.2 eV is attributed to the Mn 4+ states, whereas the un- screened peak is attributed to 3.33+ states. The other shoulder in the low BE region at 639.5 eV is assigned to well-screened states, which are associated with delocalized screening and metallic character in the 3d-based transition metal oxides [36] .
In the Y2/L1 sample, we found that the component of Mn 4+ states is enhanced and the well-screened feature is suppressed, suggesting a charge transfer from LCMO to YBCO with the LCMO layer displaying an insulating behavior, consistent with the XAS results in Fig. 2 To track the doping level of the CuO 2 plane, we rely on a base knowledge built upon studies of bulk YBCO [39] [40] [41] . While the valence of Cu remains 2+ (3d 9 ) with hole doping, there is a clear emergence of a ligand hole state (3d 9 L) on the oxygen site, which is important for Cooper pairing [42, 43] . Detailed examination of the bulk cuprates have shown that this peak on both the Cu L-edge and O K-edge track directly with doping of the CuO 2 plane [44, 45] , which can be altered in the bulk by changing oxygen stoichiometry [31] , replacing Y with Ca [46, 47] , or doping at Cu sites [48] . Figure 3(a) shows the evolution of the polarization dependent Cu L-edge with increasing N together with a comparison to a thicker YBCO superlattice with bulk like absorption. On this figure we note the location of the 3d 9 L feature associated with hole doping in the CuO 2 plane. Note also the absence of the feature near 932.5 eV related with the partial oxidation of the chains associated with underdoped samples [39] [40] [41] , implying the presence of fully oxygenated chain layer in these superlattices.
From Fig. 3(a) we see that the XAS of the N=1 SL is very close to that of the thicker Y9/L25 superlattice, which has a T c of 75 K. With increasing N there is a drastic reduction in the 3d 9 L state and corresponding increase in the 3d 9 feature. This evolution is directly associated with a decreasing the doping level of the CuO 2 plane due to the charge transfer from the LCMO layer into the YBCO layer. In order to analyze this on a more quantitative level, we have integrated the background subtracted Cu L 3 spectra and done a direct comparison as a function of spectral weight ratio, 3d
9 L/3d 9 (see inset of Fig.  3(a) ). This ratio shows a clear drop with increasing N consistent with a reduction of hole doping of the CuO 2 plane with increasing N. In comparison we also include the ratio for optimal doping as determined by an identical analysis of optimally doped YBCO from Ref. 41 . Figure 3 (b) shows the HXPS spectra of Cu 2p 3/2 of the Y2/L1, Y9/L25 and YBCO bulk samples, where the well screened peak of Cu 2p 3/2 is observed at BE = 932 eV and corresponds to the final state 3d 10 L, implying charge transfer from oxygen due the positive core-hole potential. The satellite peaks at BE = 945-940 eV correspond to the Cu 2p3d 9 , poorly screened final state. Previous studies indicate that the monovalent Cu 2 O compounds show only the well screened peak and no satellites since the 3d shell is already filled in the initial state. Thus, the presence of the satellite peaks for Y2/L1 and Y9/L25 implies Cu in the 2+ state [49] . The Cu 2p satellite peaks of the Y2/L1 are slightly more intense compared to those of bulk YBCO, although some of this could well be due to a small difference in the inelastic background subtraction. However, the satellite intensity of Y9/L25 is dramatically different compared to that of bulk YBCO and Y2/L1. This result indicates that the Cu valence state at the YBCO/LCMO interface is much different from the YBCO bulk-like environment.
From the behavior of the XAS data it is evident that the amount of electrons doped to Cu sites is much smaller than the 0.67 x N electrons donated by the LCMO block. In order to find out how the charge transfer influences energy levels, we consider HXPS results from other atoms in the SLs in Fig.  4 , beginning with the YBCO side of the interface. Fig. 4(a) indicates that not only the Cu 2p features are different in the spectrum of Y9/L25 compared to that of Y2/L1, but also the Ba 3d core level. In addition to the main peak of Ba 3d 5/2 at BE = 778 eV, there is a strong peak at BE = 780 eV which appears only as a shoulder in the spectrum of the Y2/L1 SL, and is essentially absent in bulk YBCO. The two-peaked structure in Y9/L25 we assign to the existence of two kinds of Ba in the superlattice structure, at the interface and away from it, consistent with the structure shown in the schematic of Fig.  1(b) . In the case of the thick LCMO overlayer for the Y9/L25 sample, the interface sensitivity is enhanced due to the short inelastic mean free path (IMFP) [50] giving rise to a large in- terface peak. This feature at BE=780 eV, due to the interfacial sites, has a non-bulk-like electronic configuration. The Ba 3d 5/2 core level of Y2/L1 SL has also been shifted towards higher binding energy by ∼0.4 eV as compared to the bulk YBCO film. The response of this core level to the depression of T c , is similar to the chemical doping effect observed in bulk YBCO 7−x and emphasizes that the Ba-O plane also acts as an electron reservoir [51] . The Y atoms, which are farther from the interface, displayed in Fig. 4(b) , only a small shift of ∼0.2 eV to higher binding energy and no significant change in spectral shape, which is consistent with the bulk doping behavior as well [51, 52] , and the fact that Y maintains a bulk-like coordination in the superlattice geometry.
On the other side of interface, the La 3d 5/2 BE of Y2/L1 moves to lower binding energy by about 0.5 eV compared to Y9/25 and bulk LCMO. A BE shift to lower energy of ∼0.5 eV is also observed for the case of the Ca 2p 3/2 XPS data as shown in Fig. 4(d) , with an additional broadening toward the low-BE side, that might indicate a greater degree of interdiffusion by Ca at the interface. A self-consistent picture of the BE shifts in Fig. 4 is also possible through a measurement of the valence-band offset (VBO) at the Y2/L1 interface using HXPS core-level and valence-band maximum (VBM) energies for Y2/L1 and the bulk reference samples of YBCO and LCMO, and a method introduced into oxide studies by Chambers et al. [53, 54] . The VBO obtained in this way is 0.67 eV, with sign such that BEs in YBCO should increase and those in LCMO should decrease, just as seen in Fig. 4 . The sign of the VBO is also consistent with the effective n doping of YBCO and p doping of LCMO. The fact that the magnitude of this VBO is of the same general magnitude as the shifts in Fig. 4 nicely supports this interpretation. From the behavior of the Mn and Cu XAS and HXPS data of the Y2/LN SLs, it is thus evident that there is charge transfer from the LCMO layer into the YBCO layer, with binding energy shifts in opposite direc-tions on the two sides.
From a chemical structure standpoint, one can consider how balancing charge in a larger unit cell helps to understand the charge transfer. The key is the missing chains at the interface that lead to a partial and charge imbalanced YBCO unit cell that needs to be compensated by the LCMO layers [15] , which leads to the structure shown in Fig. 1(b) . By constructing a larger unit cell composed of LCMO and YBCO unit cells together and counting the charges using the ionic values explains the direction of charge motion, but the change of the charge in the CuO 2 layers comes out much larger than experimentally seen. This is because we are assuming that the other elements are passive, but as shown above the other ions in the lattice are participating in the charge compensation. The shift to higher energy on the YBCO side is consistent with the electron doping while the opposite shift on the La and Ca is due to electron depletion of the LCMO layer. The fact that Y reacts less than Ba is potentially related to the distance from the interface and suggests that within 1-2 CuO 2 layers that the YBCO electronic structure is returning to bulk-like properties, which is consistent with a recent study of the electronic interface with cross-sectional STM [15] . This length scale is also consistent with theoretical calculations that explore how the electronic structure evolves across the LCMO/YBCO interface [11, 16, [55] [56] [57] [58] . Based upon simple arguments in the level of the chemical potential [11] , one can determine the expected trends that are consistent with that seen here in the experimental data.
Taking all the experimental results together, we can confirm that the suppression of the SC state is due to doping of electrons into YBCO from the LCMO layer. To quantify this, using the T c data from the films together with data from the bulk [59] , we can estimate that each LCMO layer is doping 0.67 electrons to the whole of the YBCO layer, but only ∼0.05 electrons into the CuO 2 planes as shown in Fig. 5 . This discrepancy is perhaps not surprising though since in the bulk changing from YBa 2 Cu 3 O 7 to YBa 2 Cu 3 O 6 , which is a total charge change of 2-, only leads to a small doping change in the CuO 2 plane [59] . A similar effect was seen with electrostatic doping experiments, which explained why so little variation of T c was found in ferroelectric/cuprate heterostructures [60] . This also highlights that it is important to track all of the potential charge reservoirs in order to create a physical picture of the process in a multicomponent system.
Together with this reduction in T c , we also observed a significant increase in the Cu XMCD at high-fields (5 T) connected with increase in magnetic order associated with the onset of the AFM phase. The same trend using XMCD to probe Cu magnetism was recently seen for bulk YBCO as a function of doping [61] , which serves to support the idea that while we are doping via an interface into an ultra YBCO layer, much of the expected bulk physics remains intact. This results from the highly two-dimensional character of the cuprate high temperature superconductors, as was seen by the presence of superconductivity even in isolated CuO 2 layers [62, 63] .
Given the striking similarity between the effect of chemi- cal doping and the interfacial "doping" by electron/hole transfer, there are a number of interesting questions which arise in the view of the recent discovery of a charge density wave (CDW) phase competing with SC pairing. Specifically, recent extensive work on underdoped YBCO revealed the presence of long-range charge fluctuations in CuO 2 in a wide range of hole doping [64] [65] [66] [67] [68] [69] [70] , which act to suppress the SC order. As demonstrated above and summarized in Fig. 5(b) , the charge transfer between manganite and cuprate layers in these superlattices brings the cuprate component the under doped region of bulk YBCO phase diagram, where CDW phase would also appear. Based on this observation, it can be anticipated that similar charge fluctuations in CuO 2 planes are also present in the case of heterojunctions. However, the situation is not that straightforward considering the fact that the CuO chains remain fully oxygenated in these SLs contrary to the chains with ordered oxygen vacancy of underdoped bulk YBCO. Moreover, the incipient CDW fluctuations may be strongly altered or even entirely suppressed because of the charge mismatch across the YBCO/LCMO interface [4, 27, 71] leading to a possible new phase state without CDW (e.g. charge glass) for the underdoped part of cuprate phase diagram [72] . On the manganite side of the junction the charge transfer causes massive hole doping into the CMR layers. This in turn raises an interesting question if the hallmark CMR phenomena (e.g. electronic phase separation and Jahn-Teller like distortions from strong electron-lattice coupling) persist after pure hole doping into intact lattice by random chemical doping [73] .
In conclusion, by variable-polarization XAS, MCD, and HXPS, we have shown a clear superconductor to insulator transition driven by interfacial doping in an ultra-thin cupratemaganite superlattice. Without changing the concentration of vacancies in the chains, we can utilize the chemical potential imbalance at the LCMO/YBCO interface to dope electrons into YBCO over a wide range of the phase diagram. This offers an interesting route to examine the link between dopant disorder and phenomena in underdoped superconductors. As noted in recent work, there is a clear correlation between the spatial dopant arrangements and charge order observed in the cuprates [74, 75] . Given the dramatic differences associated with how the ordering of dopants can affect the corresponding phase diagrams both in bulk [76] and heterostructures [77, 78] , this might suggest a modified phase diagram for the YBCO doped in this manner. As noted above, the deviation from linear T , which is associated with the onset of the pseudogap and associated q=0 magnetic order in the bulk [64, 79] , occurs at a much lower temperature and perhaps suggests a suppression of the onset of the pseudogap phase. Future work, will explore further how this type of doping into ultrathin YBCO affects the phase diagram.
Methods
The high-quality epitaxial superlattices (SL) consisting of 2 unit cell (uc) of YBa 2 Cu 3 O 7 (YBCO) and N uc of La 0.67 Ca 0.33 MnO 3 (LCMO) (N = 1, 2, 3) were grown by pulsed laser interval deposition on 5×5 mm 2 SrTiO 3 (001) substrate. The layer-by-layer growth these 20 repeat superlattices (labelled as Y2/LN with N=1,2,3) were monitored by in-situ reflection high energy electron diffraction (RHEED). In addition to these superlattices, a thick bulk-like LCMO, YBCO, and (Y9/L25) 3 were also grown as a reference. Samples were capped with a protective coating of 4 u.c. of SrTiO 3 , which is very stable in air.
The SL structures were studied by X-ray diffraction (XRD) in air at room temperature using a standard four-circle diffractometer, operating at Beamline 33-BM-C of the Advanced Photon Source (APS). The dc transport properties were measured from 300 to 2K in a Physical Property Measurement System (PPMS, Quantum Design) using the van der Pauw geometry. The XAS measurements (X-ray Linear Dichroism measurements (XLD) and X-ray Magnetic Circular Dichroism (XMCD)) were performed at the Cu L 3 edge and Mn L 3 edge, respectively, at the 4-ID-C beam line of the APS. The XLD spectra were measured in bulk sensitive totalfluorescence-yield mode, and energy calibrations were carried out by measuring a CuO (Cu 2+ ) standard simultaneously in the diagnostic section of the beamline. Each spectrum was normalized to the beam intensity monitored by a gold mesh set in front of the samples. In order to avoid spurious XMCD signals, XMCD spectra were recorded with both ±5 Tesla magnetic fields.
(HXPS) data were obtained at beamline 15XU of the SPring-8 Synchrotron. (Y2/L1) SL and the bulk YBCO and LCMO samples were measured at a photon energy of 3.238 keV and an overall energy resolution of 0.25 eV. A Y9/L25 SL, with the structure from top to bottom of 4 u.c. STO/[25 u.c. LCMO/9 u.c. YBCO]x3/STO substrate, was measured at a photon energy of 2.2 keV and a resolution of 0.1 eV. Using these multi-keV photon energies yields more buried interface sensitivity than normal soft x-ray photoemission, through increased mean depths of emission, as controlled by the photoelectron inelastic mean free path (IMFP): as estimated from the TPP-2M formula [50] , the IMFP at 3.238 keV will be ∼ 46 A, and at 2.2 keV ∼ 33Å. Thus, our HXPS measurements are sensitive to approximately the first two bilayers in the Y2/LN SL, and to the bulk behavior in the thicker reference samples. The binding energies of the HXPS spectra were calibrated using Au 4f and Au E F before and after each data acquisition. The experiment was performed at room temperature and at T = 20 K, below the normal superconducting T C for YBCO; however, it is noteworthy that cooling to the superconducting state did not induce any significant changes in any of the SL spectra, and the data reported here are thus only those collected at room temperature.
